This paper focuses on the combustion system development and combustion analysis results for a normally aspirated 0.43 liter small engine. The inline two cylinder engine used in experiments has been tested in a variety of normally aspirated modes, using 98-RON pump gasoline. Test modes were defined by alterations to the induction system, which included carburetion and port fuel injection fuel delivery systems. The results from this paper provide some insight into the combustion effects for small cylinder normally aspirated spark ignition engines. This information provides future direction for the development of smaller engines as oil prices fluctuate and CO 2 emissions begin to be regulated.
INTRODUCTION
Growing concerns about interruption to oil supply and oil shortages have led to escalating and unstable global oil prices. In addition, increased public acceptance of the global warming problem has prompted car manufacturers to agree to carbon emission targets in many regions including most recently, the United States. Other legislating bodies are sure to follow this lead with increasingly stringent targets. As a result of these issues, both small and larger capacity spark ignition (SI) engines in their current form will need significant improvements to meet future requirements. One technically feasible option is smaller capacity engines (~70 mm bore diameter) with enhanced specific output that could be used in the near term to reduce both carbon emissions and fuel consumption in passenger vehicles.
One drawback in decreasing the cylinder capacity is the brake thermal efficiency reduction. It is well known that as the cylinder size gets very small, the thermal efficiency falls [1] . This is a consequence of increasing the combustion chamber surface area to volume ratio which results in increased heat losses. Additionally, the falling turbulent to laminar flame speed deteriorates in-cylinder combustion as the turbulent stretch of the flame front is diminished when the piston to cylinder head clearance becomes small. However, one benefit associated with the smaller bore size which somewhat offsets the brake thermal efficiency loss is a reduction in the knock propensity [2] [3] [4] , which allows base compression ratio (CR) increases. The Melbourne experience has shown that normally aspirated engines of large cylinder displacement (0.67 L) can reach above 40% brake thermal efficiency [5] [6] [7] when using alternative gaseous fuels.
This suggests that getting high efficiency with a cylinder size 1/3 of this will be a challenge.
Engines found in small passenger vehicles in today's marketplace are usually more than twice the cylinder capacity of the engine used in this study. Furthermore, combustion system development and effects have been well documented in larger, lower speed engines [8] [9] [10] with larger bore sizes. However, there is little documented in the literature concerning combustion in small bore (~70 mm) SI engines, particularly modern four valve, pent roof designs. Whether the previously found combustion effects due to manifold absolute pressure (MAP), CR, and engine speed parametric variations from larger, lower speed engines hold to small engines of this scale is questioned. Several important differences involving incylinder flow, combustion and frictional/temperature affects may be expected as a result of the reduced bore size and increased engine speed. Carburetion is explored together with port fuel injection (PFI) as the majority of these small scale engines still operate with the outdated fuel system. This is due to less stringent emission regulations and cost benefits [3, 11, 12] . Hence, combustion comparisons are made between fuel delivery systems to quantify the induction effects for these small engines.
Manufacturers are trying to improve performance and efficiency while meeting legislative emission standards. One method in achieving manufacturers' goals involves combustion system development and analysis, allowing improved understanding of the incylinder combustion process. Hence, understanding the combustion effects in small cylinder engines is vital if small engines are to be comparable to their larger counterparts.
OBJECTIVES
There has been little documented in the literature concerning combustion in small bore (~70 mm) SI engines, particularly modern four valve, pent roof designs. Furthermore, most documented is generally for larger bore engines (~80-100 mm) similar to those found in passenger vehicles [8] [9] [10] . Hence, understanding the combustion effects in small cylinder engines will assist in their future development to meet upcoming requirements. Consequently, the objectives of this paper are to provide some insight into the relatively unknown combustion effects and limitations for small engines and are as follows:
Define small engine combustion operating limits and resulting CRs across carbureted and PFI fuel delivery systems.
Compare combustion characteristics between carbureted and PFI fuel delivery systems in a small cylinder capacity engine. Determine combustion parameters for a small engine operating over a range of engine speeds exceeding 10,000 rev/min and CRs ranging from 9 to 13.
EXPERIMENTAL ENGINE
The test engine used in experiments was specifically designed and developed at the University of Melbourne. Motivation behind the engine design was to provide a platform to enable the investigation of high levels of turbocharging and downsizing in a small inline two cylinder engine. As no small OEM production engine could be adapted to evaluate this concept, a four valve, inline two cylinder engine was designed and constructed to withstand the high combustion and inertia forces associated with near two bar boost pressure and engine speeds exceeding 10,000 rev/min. However, prior to turbocharged operation, development and analysis was completed in normally aspirated modes (carbureted and PFI) to enable development and baseline comparisons.
The 0.43 L twin cylinder in-line arrangement featured double overhead camshafts and four valves per cylinder.
Most of the engine components were specially cast or machined from billets. Provisions in the piston design allowed for CR variations, allowing combustion system optimization across normally aspirated modes. Valve motion and exhaust manifold geometry were held constant throughout normally aspirated experiments in order for fair comparisons. Further detail concerning the test engine is documented [2-4, 13-17], with general specifications given in Table 1 . Figure 1 highlights a sectional view of the engine design. 
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FUEL AND INDUCTION SYSTEMS
Experiments were completed using a 98-RON pump gasoline, with fuel specifications previously outlined [2, 18] . The use of varying fuel delivery systems (carburetion and PFI) necessitated differing intake manifolds between both modes, with images displayed in Figure 2 . The Mikuni based carbureted system featured no plenum chamber with both trumpets open to atmosphere. Additionally, an intake system was manufactured for the PFI mode, featuring a combination of rapid prototype Nylon 66 intake runners which were coupled to a fabricated aluminum plenum chamber. Further intake system details are given in Table 2 . 
EXPERIMENTAL ENGINE RESULTS
To put the carbureted and PFI combustion system development and analysis into context, some experimental engine results related to discussions in this paper are displayed in Figures 3 When comparing carburetion to PFI, results show equal performance potential, with similar peak brake mean effective pressure (BMEP) of ~12-13 bar between both modes of fuel delivery. However, peak power is reduced for the PFI version due to the fitment of an intake flow restriction. Furthermore, a 3% relative improvement in peak brake thermal efficiency was observed with PFI due to the improved mixture homogeneity, as confirmed by the hydrocarbon emissions [2, 3] . This improvement in brake thermal efficiency increased with decreasing engine speed and load.
Experimental results showed minimum brake specific fuel consumption (BSFC) or maximum brake thermal efficiency (η TH ) values in the order of 220 g/kWh or 37% could be achieved. A maximum BMEP of 13 bar was also recorded at 8,000 rev/min. These results demonstrate that a reduced cylinder capacity engine (~70 mm bore and near unity bore to stroke ratio) can match or exceed the performance and efficiency of typical larger bore engines found in passenger vehicles [1-3, 8, 19-22] , even though the cylinder capacity is more than halved. However, this was only possible after CR optimization to compensate for the higher levels of dissociation, friction and heat losses associated with the smaller cylinder capacity.
When altering the engine speed, MAP and CR parameters, experimental results showed similar trends in performance, efficiency and emissions when compared to typical larger bore engines found in passenger vehicles. Furthermore, across both normally aspirated modes, it was evident that the small test engine could operate with considerably higher CR for a given MAP when compared to larger bore, lower speed engines. This was demonstrated with normally aspirated results showing potential for engine operation at a CR exceeding 13 [3] . 
COMBUSTION SYSTEM DEVELOPMENT
Combustion system development for both normally aspirated modes included mapping various CRs to define engine operating limits. The employed tuning strategy involved richer mixtures (λ = 0.9) at WOT and near stoichiometric conditions at reduced loads. The ignition tuning strategy involved finding the minimum spark advance for maximum brake torque (MBT). This corresponded to a 50% mass fraction burned (MFB) position (CA50) of approximately 6-10° ATDC for non-knock limited regions. Table 3 defines the knock limit (KL) and damage limit (DL) previously published by Rothe et al. [23] , used to quantify knock limits to ensure engine reliability during CR variation. The knock amplitude (KA) used to quantify limits [23] , is defined as the zero to peak pressure of the high pass filtered (Butterworth) cylinder pressure (20 kHz sampling, 1.2 kHz cut-off frequency). Figure 6 displays the knock limitations as functions of engine speed, MAP and CR. The cross plots have been constructed from multi-CR experimental data points. These CR values included 9.6, 10, 11, and 13. The resulting piston crown and combustion chamber shapes associated with each CR are displayed in Figure 5 . It is noted that squish regions between the piston face and the cylinder head around the periphery of the chamber were maintained to minimize the variation in squish generated turbulence and vorticity, limiting any resulting combustion effects from varying CRs. However, changes to the turbulent length scale were inevitable due to the changes in the combustion chamber dish depth as the CR was altered. The cross hatched areas in Figure 6 indicate domains where engine operation was knock limited but could be controlled via EMS tuning strategies to avoid the damage limit. With knock compensation tuning strategies (varying degrees of spark retard) together with CR reductions being the only forms of knock control used throughout experimentation, the cross plots displayed must first be put into context. It is noted that further knock reductions are expected with the implementation of various other strategies thus allowing increased CR before exceeding the damage limit. These strategies could include direct injection, cooled EGR, enhanced cooling, variable valve motion or combustion enhancement through chamber design [1, 2, 8, 24, 25] . However, these knock preventative strategies were not implemented during experiments due to their added complexity and as such were out of the scope of the project. Figure 6 displays the PFI knock limited regions. However, the carburetion knock limits were not reached over the test CR range, which was limited by the piston design.
Furthermore, the carbureted system featured differing intake system geometry with shorter intake runners when compared to PFI (Table  2) . Thus, peak BMEP values occurred at higher engine speeds where knock is less susceptible [2, 3, 23, 26, 27] . Trends from the PFI knock limits outlined in Figure 6 also confirm that for a given CR and MAP condition, knock is less susceptible at higher speeds. The reduced knock likelihood is a consequence of the increased flame speeds within the combustion chamber, which consume the unburned mass in the end-gas region more quickly.
Increasing flame speeds decreases the likelihood of knock due to the reduced end-gas residence time within the combustion chamber. This will be documented later in this paper.
In the PFI mode, knock levels above the damage limit were observed in the 6000 rev/min region at the highest achievable CR of 13. Hence, knock control was achieved with reductions in spark timing while keeping fuel mixtures constant. Table 4 summarizes CR results displayed in Figure 6 , with the estimated highest useful compression ratio (HUCR) determined from the experimental data. Some safety margin was assumed in the estimation to ensure the damage limit was avoided.
When comparing the knock limits of Figure 6 to modern, larger bore automobile engines with similar combustion chambers [2, 19, 20, 22, 28] , results highlight that small bore engines allow further increases in CR before exceeding the damage limit. Increases in CR can produce performance, efficiency and emission benefits, associated with brake output increases and BSFC-CO 2 reductions. With pump gasoline, results showed the potential for engine operation at a CR exceeding 13, compared to CR values near 10 for other larger bore passenger vehicle powertrains. Table 4 : Estimated highest useful compression ratio (HUCR) and the experimental test CR ( Figure 5 ) which was closest to the estimated value.
The differing intake geometry for both carburetion and PFI modes is also noted. The high CR achieved for this particular small engine when compared to larger units is attributed to the physical size reduction, particularly the reduced bore diameter and fast burn combustion chamber. This allows the CR and/or MAP to be increased before exceeding abnormal combustion limits. The knock propensity reduction is caused by a number of factors including the reduced flame travel path to reach the last burning end-gas together with end-gas volume reductions around the periphery of the chamber. This has major benefits in extending the operating limits.
Mode
COMBUSTION IN SMALL ENGINES
There is little information in the literature regarding combustion in small capacity (~70 mm bore) SI engines. Generally combustion information pertains to larger engines (~80-100 mm bore) similar to those found in passenger vehicles [8] [9] [10] . Several important differences may be expected as a result of the smaller cylinder capacity when compared to larger engines found in passenger vehicles. These include:
Increase in wall effects on tumble and swirl dissipation. Reduction in squish velocities due to the need to maintain a fixed minimum squish thickness (squish height). Reduction in the turbulent length scale. Increased heat losses from the increased surface area to volume ratio. Increased flame quenching area resulting from smaller combustion chamber clearance distances.
An important parameter not considered in this study is the bore to stroke ratio. For the same cylinder capacity, larger bores have an adverse affect on the surface area to volume ratio but allow higher piston speeds. The test engine's bore to stroke ratio is still near unity at 1.19. However, the bore to stroke ratio effects for this small cylinder capacity (0.22 L), are an area for further study.
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COMBUSTION ANALYSIS
Combustion analysis results are presented for the WOT condition across the varying fuel delivery systems, CRs and engine speeds. The combustion analysis was completed using E-CoBRA [29] , an inhouse two-zone quasi-dimensional model developed and validated by Hamori [30] . E-CoBRA was adapted to incorporate the modern four valve, pent roof geometry of the test engine. This involved the calculation of the flame area burnt gas volume amongst other parameters as a function of the flame radius in relation to the spark plug location. The software was then applied to the experimental cylinder pressure versus CA data (0.5° CA sampling), enabling combustion parameters to be estimated. A flush mounted air-cooled Kistler 601-B1 pressure transducer was used to measure in-cylinder pressure, with TDC alignment achieved by interpreting motored log pressure-volume data [31, 32] .
The normally aspirated combustion effects for varying CR, engine speed and fuel delivery are investigated at WOT (Figures 7 to 11 ). Figure 7 presents varying mass fraction burned (MFB) durations in CA and time domains versus engine speed. The 0-10% MFB duration indicates the initial kernel growth period to a fully developed flame, while the 10-90% is indicative of the main energy release phase and usually comprises the last 30% of flame travel. MFB results are computed using the Rassweiler and Withrow method [33] [34] [35] , which assumes all fuel is consumed (MFB = 1). Figure 7 show similar combustion durations for equal CR over the engine speed and fuel delivery range. At the higher CR, the initial burn rate decreases by 3-5° CA corresponding to spark timing reductions (Figures 3 and 4 ) across all engine speeds for both fuel delivery systems. The faster initial burn rates for the higher CR correspond to a temperature increase at the point of ignition, resulting from the higher pressure at ignition. This results in faster laminar flame speeds, which leads to faster flame kernel development.
Conversely for the main burning phase (10-90%) in the middle diagram of Figure 7 , the higher CR results in reduced burning rates. The reduced burning rates are caused by a combination of factors, which include:
The higher surface area to volume ratio, which leads to higher heat losses to the more proximate surfaces and hence reduced flame speed. The reduced turbulent length scale in the more constrained cylinder volume around TDC. The retarded spark timing, which causes the last part of the burn to occur in a larger cylinder volume. This leads to reduced late-in-cycle pressures and temperatures, which slow the flame propagation. The variations in in-cylinder charge motion associated with varying piston bowl shapes (CR variations), will affect tumble motion and squish and hence small scale turbulence near TDC. There are also secondary effects which slow the main 10-90% burning phase. The higher peak pressures due to the increased CR cause dissociation effects, corresponding to the higher peak cycle temperatures. Consequently, the amount of dissociated CO 2 (largely to CO) and H 2 O (largely to H 2 ) increases. This reduces the temperature from that expected without dissociation, reducing the laminar flame speed and consequently the turbulent flame speed, which increases the burn duration. A further consequence of this is that combustion goes to completion later in the cycle. The late-in-cycle energy release results in less piston work or indicated mean effective pressure (IMEP) than could have been achieved if the mixture was immediately consumed by the flame.
Considering the various effects present during the initial and main phases of combustion, the total burn times (0-90%) show almost no variation with CR as displayed in the lower diagram of Figure 7 . Figure 8 graphically displays the effects on combustion burn rates due to alternative CRs and fuel delivery systems. The effect of the faster initial burn and slower later burn phases for the increased CR can be seen in the MFB and mass fraction burned rate (MFBR) data. Even though the burn profiles differ due to the CR variation, the 50% MFB location (CA50) remains relatively unchanged at 6-8° ATDC.
The implied turbulence effects due to the CR variation are also analyzed in Figure 9 . The implied turbulence effects at 45° BTDC show that the higher CR has led to increased turbulence intensities due to increased squish velocities associated with the reduced turbulent length scale. The increased turbulence levels have contributed to faster initial flame velocities, which has resulted in faster flame kernel development as verified by the 0-10% MFB data of Figure 7 . Figure 10 displays the effect of the increased flame velocities for the higher CR. The increased velocities due to the CR increase are not visible at 50% MFB in the upper and middle graphs of Figure 10 . This is due to the differing burning profile of the high CR with higher initial burning rates rapidly consuming the charge, hence the burn rates begin to decrease prior to consuming 50% of the mass, as seen in the middle graph of Figure 8 .
Consequently, as the CR increases, the peak actual flame speed and peak turbulent to laminar flame speed ratio (FSR) also increase as confirmed in the lower diagram of Figure  10 . Furthermore, the effects on laminar flame speeds can be deduced from Figure 10 , with results showing little variation at 50% MFB due to the CR change. Hence, the laminar flame speed is not largely affected by CR variation over the range of test CRs.
The effect of fuel delivery on normally aspirated combustion at WOT is displayed in Figures 7 to 10 . When comparing carburetion and PFI, the initial and total burn durations ( Figure 7 ) and combustion burn profiles ( Figure 8 ) show little variation between both modes. This corresponds to similar MBT spark timing results ( Figures 3 and 4 ) across both modes of fuel delivery, supporting the concept of a similar mixture distribution and hence AFR gradient within the combustion chamber. The turbulence intensity and flame speeds also show little variation between the two modes of fuel delivery.
Hence, combustion variations between the two modes are negligible at WOT, as verified by similar performance and efficiency trends in Figures 3 and 4 .
The effect of engine speed on combustion is also examined in Figures 7 to 11 . Increasing engine speed results in a decrease in the time taken to consume a given mass fraction. Hence, doubling the engine speed does not double the burn duration in CA degrees ( Figure 7 ). This effect is caused by an increase in turbulence levels (Figure 9 ), which promote faster flame speeds ( Figure 10 ) and hence faster burning rates ( Figure 11 ) [8] . Hence the turbulent to laminar flame speed ratio increases for rising engine speed, with calculated peak flame speeds reaching 40 m/s at maximum engine speeds ( Figure 10 ). Note: this is not the apparent turbulent flame speed, but the turbulent flame speed with respect to the unburned gas velocity at the flame front. Although the flame speed increases, the MFBR decreases for rising engine speeds as seen in Figure 11 , due to the reduced combustion efficiency associated with higher heat losses and dissociation at the elevated speeds.
CONCLUSION
In this paper, combustion system development and combustion analysis results are presented for a normally aspirated 0.43 liter inline two cylinder spark ignited engine. The effects of varying compression ratio, engine speed and manifold pressure on combustion were investigated for both carburetion and PFI fuel delivery systems. Combustion system development involved mapping the small engine operating limits over a number of varying parameters for both carburetion and PFI fuel delivery systems. Parametric variation included a range of manifold absolute pressures up to wide open throttle, engine speeds exceeding 10,000 rev/min and compression ratios ranging from 9 to 13. Experiments highlighted that spark knock is the most dominant factor in limiting the performance of this small engine as the compression ratio was increased. However, results showed the potential for engine operation at a compression ratio exceeding 13.
The high compression ratio achieved for this particular small engine is attributed to the physical size reduction, particularly the reduced bore diameter and fast burn combustion chamber. This resulted in engine speed increases together with end-gas volume reductions around the periphery of the chamber, allowing compression ratio values to be increased before exceeding the engine damage limit. Hence, the combustion system optimization through compression ratio development enabled the engine to achieve 37% brake thermal efficiency and 13 bar brake mean effective pressure. These results demonstrate that a reduced cylinder capacity engine (~70 mm bore and near unity bore to stroke ratio) can match or exceed the performance and efficiency of typical larger bore engines found in passenger vehicles, even though the cylinder capacity is more than halved. However, this was only possible after compression ratio optimization to compensate for the higher levels of dissociation, friction and heat losses associated with the smaller cylinder capacity.
Normally aspirated combustion results across both carbureted and PFI fuel delivery systems for this particular engine indicate negligible combustion variations between the two modes of fuel delivery at WOT, as verified by the similar performance and efficiency experimental results presented. However, compression ratio increases result in faster initial burn rates, which lead to higher indicated mean effective pressure. Additionally, increases in engine speed do not linearly correlate with combustion duration. Hence, doubling the engine speed does not double the burn duration in crank angle degrees. This effect is caused by an increase in turbulence levels, which promote faster flame speeds and hence faster burning rates. Consequently, the turbulent to laminar flame speed ratio increases for rising engine speeds, with calculated peak flame speeds reaching 40 m/s. 
